Sources of entangled photon pairs using two parametric down-converters are capable of generating interchangeable entanglement in two different degrees of freedom. The connection between these two degrees of freedom allows the control of the entanglement properties of one, by acting on the other degree of freedom. We demonstrate experimentally, the quantum distillation of the position entanglement using polarization analyzers.
Introduction
Recently, Kwiat and co-workers have introduced a source of polarization entangled photon pairs, using parametric down-conversion process with two crystals [1] . As a result a state with high degree of purity and controlled degree of entanglement is obtained Entangled states produced by parametric down-conversion has been shown to be a versatile tool for testing concepts and approaches to be used in quantum information [2] , in particular, a scheme to recover the entanglement in a filtering process of the polarization degree of freedom was proposed and implemented [3] . This procedure, called quantum distillation, permits extracting from an ensemble of non-maximally entangled states a sub-ensemble of maximally entangled states with sounding perspectives for quantum information processing.
In this two-crystal source, the produced pairs of photons are entangled in other degrees of freedom than polarization. Due to the fact that pairs of photons are generated either in one crystal or in the other they are also entangled in the space of the transverse components of the momentum. We can describe the state of the field as a superposition of discrete states labeled by the photon pair's birth position, which is the position of each crystal [4, 5] . We call it position entanglement. To detect the quantum interference arising from the entanglement in this degree of freedom, it is necessary to arrange crystals in a suitable configuration, so that the phase difference between the states of the superposition can be varied [4, 5] .
In this work, we propose and implement a scheme for performing the quantum distillation based on the idea that actions on one degree of freedom affects the entanglement properties in the other. Using a suitable two crystals configuration to produce photon pairs with interchangeable entanglement in polarization and position, we will demonstrate the distillation of position entangled states acting in the polarization degree of freedom.
Distillation Scheme
Let us consider the experimental set-up sketched in the Fig. 1. A 45 o linearly polarized laser beam pumps two type I nonlinear crystals with optical axes perpendicularly oriented, one in the vertical direction(V) and the other horizontal(H). By parametric down-conversion, two pairs of photons can be generated in two light cones, in each one of the crystals. The first crystal is pumped by the vertical component of the laser, emitting horizontally polarized pairs of photons, while the second one is pumped by the horizontal component producing vertically polarized pairs of photons. By superposing signal and idler beams coming from each crystal, so that spatial mode matching is obtained, we get the position/polarization entangled state:
where the phase φ depends on the pump phase at each crystal and on the optical path from crystals to detectors [4, 5] . This is a maximally entangled state, as both crystals are equally pumped and have equal probabilities to produce a pair of photons.
Our measurements are focusing on the degree of entanglement, which is the parameter to be distillated. Note that the degree of entanglement is the same for both degrees of freedom, however projections on one sub-space may change the degree of entanglement differently for the different degrees of freedom. If the two crystals were producing beams with the same polarization, the position entanglement could be observed by detecting signal and idler photons in coincidence. The displacement of the detectors would vary the optical path differences between the two possible realizations of the two photon field, giving rise to oscillations in the coincidence counting rate [4, 5] . As the crystals are emitting pairs of photons with different polarizations, they become distinguishable and the position interference can only be observed, if polarization analyzers are placed before detectors. Setting the polarization analyzers to 45 o , the field after them are not entangled in polarization anymore, but the position interference can be observed. By changing the pump laser polarization we can control the degree of entanglement in such a way that the state of the field can be described by:
where θ P gives the pump laser polarization angle. After crossing the polarization analyzers, with axis oriented both in θ A direction, the state is reduced to:
From Eq. 3 above, it is seen that by properly orienting the polarization analyzers, it is possible to control the coefficients of the superposition and therefore to control the degree of entanglement of the outgoing state. In order to demonstrate the operation of the scheme, we will change the pump beam polarization, preparing position entangled states with different degrees of entanglement. For each input degree of entanglement, the analyzers will be properly set for recovering the maximal degree of entanglement.
Experiment
The experimental setup is shown in Fig. 1 . A cw He-Cd laser operating at 442nm pumps two 1cm long LiIO 3 crystals cut for type I phase matching. Two signal and idler beams at the degenerate wavelength 884nm emerge from the crystals at about 3 o with respect to the pump beam direction of propagation. Crystal 2 is placed about 5mm from crystal 1. After crossing the analyzers the photon pair is detected with avalanche photodiode counting modules, placed about 80cm from crystal 2. The detected light is collected by a thin slit of about 0.5mm, a 10nm bandwidth IF(interference filter) centered at 884nm and a 50mm focal length lens at the detector entrance. The transverse momentum correlations are measured displacing D 1 along the horizontal direction.
Results and Discussions
Pumping the two crystal with a 45 o linearly polarized laser beam and setting the polarization analyzers to 45 o , fourth-order interference fringes are obtained as displayed in Fig. 2a , presenting fringes visibility of about 80%. This visibility is the signature of the maximally entangled state in our experimental configuration. The nonmaximally entangled state is produced by rotating the pump HWP so that θ P = 22.5 o . The measurement of the fourth-order interference is repeated. Fig. 2b shows the interference fringes with visibility of about 50% and therefore a lower degree of entanglement. Now we follow to distill the position entangled state. The higher visibility was found for θ A = 57 o , as displayed in Fig. 3 , which corresponds to the analyzers' angle that balance the coefficients of the state described by Eq. 3: In order to verify our distillation scheme we prepared entangled states with different degrees of entanglement. Fig. 4 shows the application of Eq. 4 for several pump laser polarization angles and analyzers properly oriented. The results show the interference patterns for the nonmaximally entangled states with both analyzers at 45 o (left side) and with proper analyzers' angles (right side). In all cases, the degree of entanglement was increased in agreement with Eq. 4. In this set of data, the visibility of the maximally entangled state was about 66%. The experimental results presented above are a simple demonstration of how one can manipulate the entanglement properties of a photon pair, with the use of interchangeable entanglement in two different degrees of freedom. In our case, the position entanglement can be manipulated acting in the polarization degree of freedom in order to control the degree of entanglement.
The visibilities of the interference patterns for the maximally entangled states are not 100%. This is due to technical imperfections. Detection through a very small aperture, would project both modes onto the same transverse modes. In the experiment, however, detection through finite apertures implies in the increase of the degree of modes distinguishability, and a lower visibility. The simple theory we have used is enough to explain the main features of the distillation process. However a multimode theory is necessary to take into account the effects on the maximal visibility. Envisaging applications in quantum communications, this scheme could be used for recovering maximal entanglement when a transmitted signal containing information in the quantum superposition state, is degraded by propagation. In our demonstration, the degree of entanglement was previously known, as it was prepared by setting the pump HWP orientation. However, it works for an unknown input degree of entanglement. The receiver should properly tune the angles of the analyzers for maximizing the fringes visibility. This action would be effective for restoring the maximal degree of entanglement in the case where the propagation disturbances change in a time scale much smaller than those of the communication protocol.
Another interesting perspective is to add a third entangled degree of freedom, for example the entanglement in the orbital angular momentum. This third degree of freedom could open new possibilities for monitoring and controlling the entanglement properties of other degrees of freedom. 
Conclusions
We propose and demonstrate experimentally a scheme for implementing quantum distillation of the position entanglement by manipulating the polarization degree of freedom. Our scheme can be used weather the state has an unknown degree of entanglement or not. 
